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The gas phase synthesis, structure, and reactivity of distonic negative ions of the “ate” class are
described. “Ate”-class negative ions are readily prepared in the gas phase by addition of
neutral Lewis acids, such as BF3, BH3, and AlMe3, to molecular anions, carbene negative ions,
and radical anions of biradicals. The ions contain either localized s- or delocalized p-type
radical moieties remote from relatively inert borate and aluminate charge sites. The free radical
reactivity displayed by these ions appears to be independent of the charge site. As an example,
the distonic alkynyl radical (zC'CBF3
2) is highly reactive and undergoes radical coupling
reactions with NO2, NO, H2CACH–CN, and H2CACH–CH3. Radical-mediated group and
atom transfers are observed with O2, CS2, and CH3SSCH3. Furthermore, H-atom abstraction
reactions are observed, in accordance with the predicted high C–H bond strength of this
species [DH298(H–C2BF3
2) 5 130.8 kcal mol21]. High level ab initio molecular orbital calcula-
tions on the prototype “ate”-class distonic ion z CH2BH3
2 and its conventional isomer CH3BH2
z2
reveal that CH3BH2
z2 is 3.2 kcal/mol more stable than the a-distonic form. However, the
calculations also show that CH3BH2
z2 is unstable with respect to electron detachment, and only
the a-distonic form z CH2BH3
2 should be experimentally observed in the gas phase. (J Am Soc
Mass Spectrom 1999, 10, 896–906) © 1999 American Society for Mass Spectrometry
The term “distonic ion,” first coined by Yates andco-workers [1], refers to an ion with formallyseparated charge and radical sites [2]. Two dis-
tinct classes of distonic ion can be identified based on
the nature of the charged moiety in the molecule. The
most commonly studied class of distonic ion has a
coordinatively and electronically saturated “onium”-
type charge site such as ammonium, oxonium, sulfo-
nium, etc. Distonic radical onium ions, including the
so-called “ylidions” and their homologs, are the sub-
jects of numerous gas-phase experimental and theoret-
ical investigations [2, 3]. Many of these species have
been found to be more stable than their conventional
molecular ion isomers. The archetypal methylene oxo-
nium ion, z CH2OH2
1 [4] is one such example. The other
class of distonic ion corresponds to an ionized biradical,
which possesses two coordinatively unsaturated sites
containing one electron [1, 2]. Distonic radical cations of
this type are frequently formed by ring-opening reac-
tions and retro-cycloadditions that accompany ioniza-
tion of cyclic molecules. Common examples include
ionized ethylene oxide, zCH2OCH2
1 [5], and ionized
cyclobutanone, zCH2CH2CH2CO
1 [6].
All known examples of distonic radical anions are of
the latter type—ionized biradicals. These species have
been formed in the gas phase by dissociative electron
ionization, collision-induced dissociation, and by ion/
molecule reactions [7]. Some recently reported examples
include the benzyne anions [8, 9], trimethylenemethane
(TMM) anion [8, 10], methylene-thiocyanomethyl anion
[CH2SCHCN]
z2 [11], tetramethyleneethane (TME) an-
ion [12], and fluorinated acetoxyl and oxyallyl anions
[13]. Distonic radical anions with coordinatively and
electronically saturated charge sites have not been de-
scribed in the gas-phase experimental literature. Nega-
tive ions such as these would consist of a tetracoordi-
nate group III or a pentacoordinate group IV element
attached to a radical-bearing moiety (Scheme 1). We
shall designate these species as distonic ions of the “ate”
class, in reference to the hypercoordinate nature of the
group III element (borate, aluminate) or group IV
element (siliconate) from which the distonic ion is
derived [14]. In fact, ab initio molecular orbital calcula-
tions reported by Pius and Chandrasekhar nearly 10
years ago suggested that organoborane radical anions
with distonic structures such as the one shown in
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Scheme 1 should be stable species and, therefore, ex-
perimentally observable [15].
In this article we describe the formation and reactiv-
ity of distonic ions of the “ate” class. These species are
of particular interest because they are expected to
possess relatively inert charge sites with negligible
Brønsted basicity and nucleophilicity. Kentta¨maa and
co-workers have shown that rationally designed dis-
tonic radical cations with unreactive charge sites can
provide a useful way to study free radical chemistry in
the gas phase [2, 16]. Similarly, “ate”-class distonic
negative ions with unreactive charge sites may also
allow the examination of radical reactivity without
interference from ionic side reactions. Another notable
aspect of these species is that they are “reverse” ylidions
and, hence, attractive subjects for neutralization–reion-
ization (NRMS) experiments [17]. Herein we demon-
strate several different gas-phase synthetic approaches
to “ate”-class distonic ions possessing localized, delo-
calized, s- and p-type radical sites. The synthesis and
characterization of the first distonic alkynyl radical ion
is also described. Ion/molecule reactions and collision-
induced dissociation reactions are described for se-
lected examples. In addition, we present the results of
high-level ab initio calculations on the prototype “ate”-
class distonic ion zCH2BH3
2 and its conventional isomer
CH3BH2
z2. Although the conventional isomer was found
to have a slightly lower computed energy than the
distonic form, it is unbound with respect to electron
detachment.
Experimental
All experiments were carried out with a flowing after-
glow–triple quadrupole instrument that has been de-
scribed in detail previously [18]. Pure helium buffer gas
was used in the room-temperature (296 6 2 K) flow
reactor with a total pressure, flow rate, and flow veloc-
ity of 0.4 torr, 200 STP cm3/s, and 9400 cm/s, respec-
tively. Primary reactant ions were prepared by adding
neutral reagents to the upstream end of the flow tube
near the electron emission source. Fluoride ions were
generated by electron ionization of NF3, and O
z2 was
prepared from N2O by dissociative electron capture.
Molecular negative ions were generated by thermal
electron capture in the upstream portion of the flow
tube. Reactions of these ions were carried out in the
flow tube at various distances from the ion source by
adding gaseous neutral reagents through fixed-posi-
tion, metered inlets. Reactant and product ions formed
in the flow tube are thermally equilibrated to ambient
temperature by ;105 collisions/s with the helium
buffer gas.
Negative ions in the flow tube were sampled
through a 1 mm orifice in a nose cone and focused into
an EXTREL triple quadrupole analyzer. For the colli-
sion-induced dissociation (CID) experiments described
in this work, collision energies of 15–30 eV (laboratory
frame) were employed with argon serving as the target
gas at pressures of 0.05–0.10 mtorr. Some of the ion/
molecule reactions were carried out in the second
quadrupole (Q2) of the triple quadrupole analyzer. This
was necessary when identification of these processes in
the flow tube was complicated by ionic side-products
and secondary reactions. For these experiments, the
reactant ion kinetic energy was kept as low as practical
(Ecoll , 0.5 eV, lab), so as to minimize formation of
endothermic reaction products.
Materials
Gas purities were as follows: He (99.995%), N2O
(99.5%), NO (99%), SO2 (99.98%), O2 (99%), F2 (5% in
He), BF3 (99.5%), CO2 (99.5%), [AlMe3]2 (97%), ethylene
(99%), allene (97%), and propylene (99%). The small
NO2 impurity present in NO was trapped prior to use at
278°C using a dry ice/acetone bath. The bis(trimethyl-
silyl)benzenes and bis(trimethylsilyl)isobutene were
synthesized by standard methods [8, 9]. All other re-
agents were obtained from commercial sources and
used as supplied except for degassing of liquid samples
prior to use.
Computational Details
Ab initio molecular orbital calculations were carried out
for selected ions and molecules with use of the G2 [19],
G2(MP2) [20], CBS-4 [21], and DFT(B3LYP) procedures.
G2 theory combines total energies computed for atoms
and molecules at the (U)MP2, (U)MP4SDTQ, and (U)Q-
CISD(T) levels of theory using several different ex-
tended basis sets in order to estimate the energy that
would be obtained at the (U)QCISD(T) level with a
6-3111G(3df, 2p) basis set. For the DFT calculations,
the B3LYP procedure was used in conjunction with a
6-311G(d) basis set, i.e., B3LYP/6-311G(d). The B3LYP
method employs the Becke three-parameter fit to the
combined Hartree–Fock and local density approxima-
tions for the exchange energy [22], and the nonlocal
correlation functional given by Lee, Yang, and Parr [23]
along with the local correlation functional for the ho-
mogeneous electron gas. Charge and spin distributions
were calculated according to the Natural Population
Analysis methods of Weinhold [24]. All calculations
were carried out with the gaussian 92 [25] and gauss-
ian 94 [26] suites of programs.
Results and Discussion
Ion Synthesis
An extensive series of distonic ions of the “ate” class
have been synthesized in the flowing afterglow appa-
ratus by (termolecular) addition reactions between neu-
tral Lewis acids and various radical anions. The Lewis
acids examined in this study are BF3, BH3 (from B2H6),
AlMe3 (from [AlMe3]2), and C6H5SiF3. Three different
types of organic radical anion were employed: molecu-
897J Am Soc Mass Spectrom 1999, 10, 896–906 DISTONIC IONS OF THE “ATE” CLASS
lar negative ions derived from stable neutral com-
pounds, carbene anions (i.e., ionized carbenes), and
“biradical”-type distonic anions (i.e., ionized biradi-
cals). In this section, we illustrate the range of “ate”-
class distonic ions that can be generated from these
precursors. A summary listing of some of the new ions
synthesized in this study is given in Table 1. The
indicated structures are either assumed or inferred from
the results of the CID and/or ion/molecule reaction
experiments described in the text.
Before proceeding we must qualify what constitutes
an “ate” complex. Essentially all negative ions with any
Lewis basicity (i.e., a lone pair of electrons at a negative
charge-bearing site) will react under flowing afterglow
conditions with strong Lewis acids such as BF3, AlMe3,
and C6H5SiF3 to produce adducts [27]. However, a
continuum of bonding interactions between anions and
Lewis acids is possible, which leads to different bond
distances, bond strengths, charge transfer, and struc-
tural changes upon adduct formation [28]. For example,
delocalized anions that are weak Brønsted bases are
also usually weak Lewis bases that form complexes
with Lewis acids characterized by long bond distances,
low binding energies, little charge transfer from the
anion to the Lewis acid moiety and only small geometry
changes about either component of the complex. Here,
the Lewis acid–base bonding is best described as
mainly electrostatic or “dative,” and to call such an
adduct an “ate” complex would be misleading. On the
other hand, negative ions with localized charges and
high Brønsted basicities are also strong Lewis bases that
may form adducts with Lewis acids characterized by
shorter, stronger bonds, extensive charge transfer from
the anion to the Lewis acid, as well as substantial
rehybridization of the Lewis acid moiety. In this case
the covalent bonding dominates, and the designation of
the adduct as an “ate” complex is appropriate [14]. This
distinction is important in the present study, because
the suitability of the distonic ion designation, and the
extent to which a given radical anion/Lewis acid ad-
duct may exhibit neutral free radical behavior, are
determined by the degree of Lewis acid–base bonding
in the complex. Similar quandaries have arisen for
onium-type distonic radical cations such as
zCH2CH2OH2
1, where the distinction between the b-dis-
tonic form and the “ionized ethylene–water complex”
form, [CH2CH2(H2O)]
z1, is at issue [29].
In this work we have used CID as a qualitative and
semiquantitative tool for evaluating the degree of bond-
ing in the anion/Lewis acid adducts. We interpret the
occurrence (under single-collision conditions) of direct-
cleavage type fragmentation reactions other than back
dissociation as evidence in support of an “ate” complex
in which the anion–Lewis acid bonding is comparable
in strength to other bonds in the adduct. Further, when
all other bonds in the adduct are stronger than the
anion–Lewis acid bonding, we interpret simple dissoci-
ation (at collision energies exceeding those for electro-
statically bound complexes) to re-form the original
anion and Lewis acid, as evidence in support of an “ate”
complex. We have estimated the strengths of the anion–
Lewis acid bonds from CID threshold analysis, using
the methods described in other publications from this
laboratory [18, 30]. Bond strengths that substantially
exceed estimates based on simple electrostatic (ion/
dipole and ion/induced-dipole) models are taken as
signatures for covalently bonded “ate” complexes. In
some instances, we also have sought guidance from ab
initio calculations as to the degree of bonding between
the radical anion and Lewis acid.
From Molecular Anions
Odd-electron molecular negative ions derived from
stable neutral molecules readily react with BF3 and the
other Lewis acids under flowing afterglow conditions
by termolecular association. The resulting adducts are
potentially “ate”-class distonic ions. For example, the
superoxide ion, O2
z2, formed in abundance by electron
transfer to O2 by allyl anion [31], reacts rapidly with BF3
to produce adduct 1 as the sole ionic product (eq 1).
O2
z2 1 BF33 [BF3O2]
z2
1 (1)
CID of this ion at low energies (Ecoll 5 2.67 eV, CM)
yields O2
z2 1 BF3, but low yields of [BF3O]
z2 1 O are
also produced at collision energies above 4.7 eV (CM).
This latter fragmentation signifies relatively strong B–O
Table 1. Distonic ions of the ate class
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bonding in [BF3O2]
z2, consistent with an “ate” complex.
The optimized geometry for ion 1 obtained at the
UMP2/6-31G(d) level of theory is illustrated in Figure
1. It features a relatively short B–O bond distance (1.54
Å), and extensive pyramidalization of the BF3 moiety.
The odd-spin density (shown in boldface) resides
mainly on the terminal oxygen atom in [BF3O2]
z2, and
the negative charge distribution (shown in italics) is
indicative of substantial charge transfer (34%) from the
superoxide moiety to the BF3 group. The heterolytic
B–O bond strength and the homolytic O–O strength of
ion 1, D0[F3B–O2
z2] and D0[F3BO–O
z2], are predicted by
G2(MP2) theory to be 63 and 73 kcal/mol, respectively.
The latter value may be compared to the value for
D0[HO–O
z] of 68 kcal/mol [32]. Thus, experiment and
theory clearly identify [BF3O2]
z2 as a distonic peroxy
radical ion [33] of the “ate” class.
The molecular negative ion of nitrobenzene also
reacts rapidly and completely with BF3 to produce an
adduct. Addition can occur at oxygen to form structure
2a, which contains a nitroxyl radical moiety, or to one of
the ring positions to produce a cyclohexadienyl-type
radical such as 2b (or the corresponding ortho or meta
isomers) (Scheme 2). Based on the oxophilic nature of
group III elements and the known charge distribution
in nitrobenzene molecular anion [34], one would pre-
dict 2a to be the kinetically and thermodynamically
favored product. Supporting evidence for structure 2a
is obtained from the CID spectrum of the adduct which
shows, in addition to BF3 loss as the major dissociation,
significant yields of BF3-containing fragment ions re-
sulting from C–N bond cleavage ([BF3NO2]
2) and N–O
bond cleavage ([BF3O]
z2). Similarly, the addition prod-
uct, 3, that results from reaction between AlMe3 and the
molecular anion of nitromethane (Table 1), fragments
mainly by reformation of the molecular ion and AlMe3,
but significant yields of fragment ions corresponding to
N–O bond cleavage ([Me3AlO]
z2) and CH3 loss
([Me3AlONO]
2 or [CH3NO2AlMe2]
2) are also ob-
served.
In contrast, the BF3 adducts of the molecular ions of
CS2 and p-benzoquinone (pBQ) appear to be so weakly
bonded that the “ate”-class distonic radical ion label
cannot be meaningfully applied. Both adducts undergo
CID by BF3 loss with very low dissociation onsets (,1
eV, CM). B3LYP/6-311G(d) calculations give a struc-
ture for [CS2 z BF3]
z2 with a 2.1 Å B–S bond distance,
negligible pyramidalization of the BF3 group, very little
polarization of the odd spin and negative charge den-
sity of the CS2
z2 moiety, and a binding energy of only 21
kcal/mol. Similarly, the CID behavior of the [pBQ z
BF3]
z2 complex suggests very weak binding of the
Lewis acid and, hence, little or no distonic ion character.
The reduced Lewis basicities of CS2
z2 and pBQz2 are
consistent with the exceptionally low Brønsted basici-
ties of these ions: PA(CS2
z2) 5 315 kcal/mol [B3LYP/6-
311G(d)]; PA(pBQz2) 5 318 kcal/mol [32].
From Carbene Anions
Another method for producing distonic ions of the
“ate” class is by addition of neutral Lewis acids to
carbene anions. These reactions produce a-distonic an-
ions, i.e., “reverse” ylidions (Scheme 3). Atomic oxygen
radical anion (Oz2) is well known to form carbene
anions in the gas phase by 1,1-abstraction of H2
z2 from
Figure 1. Selected geometrical parameters for BF3O2
z2 (1) and
BF3C2
z2 (11) obtained from UMP2/6-31G(d) calculations. Electron
spin densities (shown in boldface) and atomic charges (shown in
italics) derived from Natural Population Analysis of the MP2
wave functions.
Scheme 2
Scheme 3
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hydrocarbons and other organic molecules [35]. A wide
variety of carbene anions can be generated in this way.
These species add to Lewis acids to produce a-distonic
ions in which the type of radical site is determined by
the nature of the carbene anion. Thus, rational synthe-
ses of a-distonic ions with different functionalities at
the a-radical site can be achieved simply by varying the
carbene anion precursor. For example, Oz2 reacts with
acetonitrile and dichloromethane by H2
z1 abstraction to
yield CHCNz2 and CCl2
z2, respectively [35]. Although
both ions undergo rapid addition to BF3 and BH3,
CHCNz2 also forms an adduct with AlMe3 [36]. The BF3
adducts correspond to the a-distonic ions 4 and 5,
which posses cyanomethyl and dichloromethyl radical
moieties, respectively. These ions undergo CID by loss
of BF3 with dissociation onsets greater than 2.5 eV (CM).
Vinylidene anion, CH2AC
z2, is a well-studied car-
bene anion that is formed by reaction between Oz2 and
ethylene. In principle, addition of BF3 to vinylidene
anion would produce the a-distonic vinyl radical 6
[CH2ACBF3]
z2 (m/z 93, 94). However, when BF3 is
allowed to react with CH2AC
z2 in the flow tube, no
stable adduct is observed. Instead, a product ion 1 u
lower (m/z 92, 93) is formed, corresponding to the
ethynylborate ion 6 HC'CBF3
2. Thus, addition of BF3 is
followed by rapid H-atom loss from the excited adduct.
This can be understood in terms of the exceptionally
weak b-CH bonds in vinyl radicals (e.g., D[HCACH–
H] 5 34 6 1 kcal/mol [37]), and the relatively strong
binding expected for BF3 to vinylidene radical anion
and acetylides.
A distonic ion with an allenic radical moiety adjacent
to the charge site can be produced by adding Lewis
acids to propadienylidene anion, H2CACAC
z2. This
carbene ion can be formed in abundance by reacting Oz2
with allene [35, 38–40]. Reaction between BF3 and
CH2ACAC
z2 yields an abundant adduct, 7, that exhib-
its fragmentation by BF3 loss, but only at collision
energies above 2.5 eV (CM). In principle, the Lewis acid
can add either to the monovalent carbon of
CH2ACAC
z2 to give the a-vinyl radical anion 7a, or to
the terminal methylene group to form the g-alkynyl
radical anion 7b.
H2CACAC˙–B# F3 F3B# –CH2–C'Cz
7a 7b
The Brønsted basicity of the a position of CH2ACAC
z2
is much greater than that of the g position, because
propargyl radical (CH2ACACHz) is about 40 kcal/mol
lower in energy than propynyl radical (CH3C'Cz) [32].
Therefore, isomer 7a is undoubtedly the thermodynam-
ically preferred form of the BF3 adduct. The reactivity of
ion 7 described in the next section supports this conclu-
sion.
Several attempts were made to generate the arche-
type “ate”-class distonic ion z CH2BH3
2. In principle, this
ion can be produced by reaction of B2H6 with CH2
z2
(eq 2).
CH2
z2 1 B2H63 zCH2BH3
2 1 BH3 (2)
The methylene anion can be formed in low yield under
flowing afterglow conditions by dissociative electron
ionization of ethylene [41]. However, complications
arise from the unavoidable formation of B2H5
2 (m/z 25,
26, 27) and B2H7
2 (m/z 27, 28, 29) as primary and
secondary reaction products whenever excess B2H6 is
employed for negative ion studies under flowing after-
glow conditions [42]. That is, the prominent series of
peaks in the mass spectrum in the m/z 25–29 range that
is always observed when B2H6 is added to negative ion
mixtures in the flow tube obscures the formation of
zCH2BH3
2 (m/z 27, 28) by reaction 2. Another complica-
tion is that CH2
z2 is an exceptionally strong base
[DHacid(CH3) 5 409.1 kcal/mol] [43] that is capable of
rapidly deprotonating B2H6 [DHacid ’ 359 kcal/mol)
[44]. Accordingly, an alternative synthesis was devel-
oped of an analogous a-methylene distonic ion,
zCH2BF3
2. We previously reported the observation of
CH2
z2 transfer from the trimethylenemethane (TMM)
anion [8] and acetate radical [45] to small molecules
such as SO2, NO2, and NO. The TMM anion, generated
in the previously described manner [8], reacts with BF3
to produce mainly an adduct (84%), but also a low yield
(16%) of the CH2
z2 transfer product, zCH2BF3
2 8 (Scheme
4). CID of zCH2BF3
2 results in exclusive loss of HF to
form HCBF2
z2, which attests to the strong B–C bond in
this species and, hence, its “ate”-class distonic ion
character.
From Ionized Biradicals
Higher homologs of “ate”-class distonic radical anions,
i.e., b-, g-, and d-distonic anions, can be formed by
addition of Lewis acids to negative ions of biradicals,
such as TMM, the benzynes, C2, or m-xylylene. Some of
these precursor ions can be formed by electron impact
ionization, some by reaction of Oz2 with an appropriate
neutral precursor [35], whereas others can be formed in
a regiospecific fashion by means of the double-desily-
lation procedure developed in this laboratory [8]. Ad-
dition of a Lewis acid to these species converts biradi-
cal-type distonic anions to “ate”-class distonic radical
Scheme 4
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ions. For example, the BF3 adduct shown in Scheme 4 is
an “ate”-class g-distonic ion with a delocalized allyl
radical moiety. CID of this ion yields ion 8 by C3H4 loss,
TMM anion by BF3 loss, and a [C4H5BF2]
z2 fragment
from loss of HF.
Addition of Lewis acids to benzyne anions produces
distonic phenyl radical ions. The o-benzyne radical
anion (C6H4
z2) is produced in high yield from the
reaction between Oz2 and benzene [46, 47], and the m-
and p-benzyne anions are generated by reacting F2 with
m- and p-trimethylsilylphenyl anions, respectively [8,
9]. The structures, properties, and reactivity of these
ions have been described in detail [9, 47, 48]. All three
benzyne anions form abundant adducts with BF3,
AlMe3, and BH3 to yield “ate”-class distonic ions. For
instance, m-benzyne ion rapidly reacts with [AlMe3]2 to
produce the g-distonic ion 9 (Table 1), and p-benzyne
anion forms a d-distonic ion upon addition of BF3.
These species are negative ion analogs of the charged
phenyl radicals described by Kentta¨maa and co-work-
ers [16c, 49], and they are structurally similar to the
dehydrobenzoate ions that are formed by termolecular
addition of CO2 to benzyne anions [9, 47, 50]. CID of 9
results in Al–C bond cleavage to reform m-benzyne
anion.
Distonic benzyl radical ions can be formed by addi-
tion of Lewis acids to the m-xylylene anion. Reaction
between Oz2 and m-xylene is known to produce exclu-
sively the m-xylylene radical anion by a 1,5-abstraction
of H2
z1 [46]. This ion reacts with B2H6 by BH3 abstraction
to yield e-distonic ion 10 (Table 1). CID of 10 results in
exclusive loss of BH3 to produce m-xylylene radical
anion.
Electron ionization of ethylene under flowing after-
glow conditions produces the dicarbon anion, C2
z2,
among other ionic fragments. C2
z2 may be considered to
be a distonic radical anion derived from the singlet
biradical zC'Cz (X 1Sg1) [51]. Reaction of the dicarbon
anion with BF3 yields an abundant adduct correspond-
ing to the “ate”-class distonic alkynyl radical anion,
zC'CBF3
2 11 (eq 3).
zC'C2 1 BF33 zC'C–BF3
2
11 (3)
CID of 11 results in loss of BF3 at energies above 2.2 eV
(CM) and loss of F atom at energies above 5 eV (CM), to
produce C2
z2 and C2BF2
2, respectively. The relatively
high energy threshold for BF3 cleavage, and the occur-
rence of F-atom loss, indicate a strong B–C bond in ion
11, consistent with an “ate” complex. The computed
structure, and the spin and charge distributions ob-
tained for this ion at the MP2/6-31G(d) level of theory,
are illustrated in Figure 1. BF3C2
z2 possesses a short B–C
bond (1.64Å) and a pyramidal BF3 group, as well as
odd-spin and negative charge distributions that are
clearly indicative of an “ate”-class distonic radical ion.
Reactivity
A major impetus for generating distonic ions of the
“ate” class is their potential to display chemical
behavior characteristic of “free” (or, at least, rela-
tively liberated) radicals. The utility of this approach
for investigating gas-phase radical chemistry has
been demonstrated in many recent studies of distonic
radical cations that possess relatively inert charge sites.
Kentta¨maa and co-workers have developed useful
menus of radical “probe” reagents that can be used to
study free radical reactivity, and to distinguish distonic
radical cations from conventional molecular ions, such
as dimethyl disulfide [52], dimethyl diselenide [53],
benzeneselenol [16a], and allyl iodide [53]. Among the
handful of studies in which the reactivity of distonic
radical anions has been investigated, examples of free
radical-type reactions can also be found. For instance,
o-, m-, and p-dehydrobenzoate ions, [C6H4CO2]
z2, have
been shown to undergo radical coupling reactions with
NO2 and NO [9, 48, 50] as well as radical-type atom and
group transfers with various closed-shell molecules
[48]. The acetate radical, [CH2CO2]
z2 [45], 2,4-dimethyl-
enecyclobutane–1,3-diyl negative ion [54], and the
distonic ion [CH2SCHCN]
2z [11] all abstract a CH3Sz
radical from dimethyl disulfide, and the trimethyl-
enemethane anion undergoes CH2
z2 transfer to NO by
what is believed to be a radical-mediated mechanism
[8]. Fluorinated oxyallyl anions, [ArCHC(O)CF2]
z2, are
reported to undergo free radical-type ketone condensa-
tions, as well as bromine atom abstraction from Br2 [13].
Reactions of the ions listed in Table 1 and many other
derivatives have been examined with various neutral
reagents commonly employed as “radical probes” or
“radical traps,” such as NO, NO2, O2, CH3SSCH3, and
CS2. A brief summary of some of the observed reactions
is provided below, along with a more detailed account
of the special reactivity displayed by the distonic alky-
nyl radical ion 11.
Many “ate”-class distonic anions add to the open-
shell reagents NO and NO2. For example, distonic
phenyl radicals such as 10 react with NO and NO2 to
form nitrosobenzene and nitrobenzene derivatives, re-
spectively (Scheme 5), and distonic benzyl radicals such
as 9 form substituted phenylnitroso- and phenylni-
tromethanes. The distonic “ate” ions 4, 5, and 7 react by
addition and addition/BF3 elimination pathways. For
example, ion 4 reacts with NO by radical coupling to
yield a simple adduct (80%), and by addition/BF3
elimination to form what is presumed to be an oximate
Scheme 5
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(NCCHNO2, 20%). Similarly, ion 5 reacts with NO2 to
form an adduct (9%), and by addition/BF3 elimination
to form Cl2CNO2
2 (91%). Although the preceding reac-
tions were performed in the flow tube, they were also
carried out in Q2 of the triple quadrupole analyzer with
pressures of added NO or NO2 in the range 0.020–0.100
mtorr. Under conditions of low collision energy (,0.5
eV, laboratory frame), only addition/BF3 elimination
products were observed for ions 4, 5, and 7. For
instance, distonic “ate” ion 7 reacts with NO and NO2 to
form H2CACACANO
2 and H2CACACNO2
2, respec-
tively.
The gas-phase reactivity described above is diagnos-
tic for distonic “ate” ions and is substantially different
from the reactivity displayed by their uncomplexed,
negative ion counterparts. NO typically reacts with
closed-shell anions by associative electron detachment
[55]. NO adducts have been observed for certain biradi-
cal- and triradical-class [56] distonic anions, although
the nature of the addition mechanism (free radical vs.
nucleophilic) is unclear [48]. Because of its high electron
affinity (2.27 eV [57]), NO2 reacts with most carbanions
and biradical-class distonic radical anions by electron
transfer, forming NO2
2. Dehydrobenzoate radicals [9,
48, 50] are exceptions because of the high electron
binding energy of a carboxylate group EA(PhCO2) 5
3.4 eV [32]. Likewise, free-radical coupling rather than
electron transfer is observed in reactions of “ate”-class
distonic radical anions with NO2, since the negative
charge in these ions is strongly bound within the sigma
valence shell of the “ate” moiety [58].
Although NO and NO2 both add to “ate”-class ions
via radical coupling, CS2 and CH3SSCH3 fail to react
with any of these ions except for ion 11. This apparent
lack of reactivity indicates that many of the distonic
“ate” ions examined cannot react with CS2 or
CH3SSCH3 via a free-radical mechanism. This finding
implies that group and atom abstraction products ob-
served between reactions of uncomplexed, negative ion
counterparts proceed by nucleophilic addition and not
a pure free radical mechanism. For example, the nucleo-
philic addition mechanism likely explains the reactivity
observed for the uncomplexed m- and p-benzyne an-
ions. These anions react with CS2 by sequential sulfur
atom abstraction to produce dithiobenzoquinone radi-
cal anions, and dimethyl disulfide reacts with both m-
and p-benzyne anions to yield CH3SCH2S
2 and CH3S
2
[48]. However, addition of Lewis acids to the m- and
p-benzyne anions quenches their Brønsted basicity or
nucleophilicity, i.e., the resulting distonic phenyl radi-
cal does not react with CS2 or CH3SSCH3.
Of all of the “ate”-class distonic anions examined,
zC'CBF3
2 (11) is the most reactive, undergoing radical
coupling reactions, radical-mediated group and atom
transfers, and even H-atom abstraction from alkanes.
The ion/molecule reactions of the precursor ion, C2
z2,
with a series of small molecules have been investigated
[59]. C2
z2 reacts with NO by reactive electron detach-
ment (83%) and by condensation processes leading to
CN2 and NCO2 (6%–11%) [59]. In contrast, NO reacts
with distonic ion 11 exclusively by addition (eq 4).
zC'C–BF3
2
11
1 NO3 ON–C'C–BF3
2
(4)
Similarly, whereas C2
z2 rapidly reacts with NO2 by
condensation processes yielding C2O
z2, CNO2, and
CN2 [59], ion 11 reacts entirely by addition/BF3 elimi-
nation to produce a nitroacetylide anion (eq 5).
zC'C–BF3
2
11
1 NO23 O2N–C'C
2 1 BF3 (5)
The differing behavior of zC'CBF3
2 toward NO and
NO2 with respect to BF3 elimination is a reflection of the
stronger C–N bond and, hence, greater excess internal
energy in the initial NO2 adduct compared to the initial
NO adduct (DH[HC2–NO] 5 68 kcal/mol; DH[HC2–
NO2] 5 81 kcal/mol; calculated, CBS-4 [21]).
Ion 11 reacts with O2 by O-atom abstraction to form
OC2BF3
2 (eq 6a) and by O-atom abstraction followed by
BF3 loss to form C2O
z2 (eq 6b). The BF3-loss channel
yields the same ionic product as the reaction of C2
z2 with
O2 [59]. An analogous atom transfer/condensation pro-
cess is observed in the reaction of 11 with CS2, in this
case yielding C2S
z2 (eq 7).
zC'C–BF3
2
11
1 O23 [OCCBF3]
2
(6a)
3 [OCC]z2 1 BF3 (6b)
zC'C–BF3
2
11
1 CS23 [SCC]
z2 1 BF3 (7)
The exothermicities of reactions 6a and 7 can be approx-
imated by the reaction of the ethynyl radical (zC2H).
Oxygen atom abstraction from O2 and sulfur atom
abstraction from CS2 by ethynyl radical are estimated to
be exothermic by 33 and 45 kcal/mol, respectively [32].
Dimethyldisulfide transfers a methylthio group to
ion 11 via a free-radical mechanism. In contrast, both
C2
z2 and HC2
2 react with CH3SSCH3 by carbanionic
processes yielding CH3S
2 and the apparent proton
transfer product [C2H5S2]
2, which has been shown by
Grabowski and co-workers [60] to have the rearranged
structure CH3SCH2S
2.
Ion 11 reacts with a,b-unsaturated compounds [61],
such as acrylonitrile and propene, via several radical
processes. For example, ion 11 reacts with acrylonitrile
by H-atom abstraction (DH298[CH2AC(CN)–H] 5 103
kcal/mol) [62], radical addition and radical addition/
Cb-H fragmentation. Similarly, ion 11 abstracts H atom
from propene (eq 8a) and undergoes radical addition to
produce two fragmentation products that correspond to
cleavage of a C–H bond and a C–CH3 bond, respec-
tively (eq 8b, c).
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zC2BF3
2
11
1 H2CACH–CH33
3 H–C2BF3
2 1 H2CACH–CH2z (8a)
3 H2CAC(CH3)–C2BF3
2 1 zH (8b)
3 H2CACH–C2BF3
2 1 zCH3 (8c)
Much of the observed reactivity of 11 is not unusual,
considering the large C–H bond strength in acetylene
DH298(HC2–H) 5 131.3 6 0.7 kcal/mol [37]. In order to
investigate the inherent propensity of this ion to ab-
stract hydrogen atom, it was allowed to react with
several hydrogen atom donors. The DH298(R–H) of the
hydrogen atom donors and the observed reactivity of 11
toward these species are summarized in Table 2. Al-
though all of the hydrogen atom transfer reactions are
exothermic, they occur slowly at rates well below the
collision rate. For example, H-atom abstraction from
isobutane (DH298[(CH3)3C–H)] 5 96.5 6 0.4 kcal
mol21) [63] is estimated to be 34 kcal mol21 exothermic
(predicted DH298(H–C2BF3
2) 5 130.8 kcal mol21; CBS-
4), but the reaction occurs at a rate substantially less
than the collision rate (rate coefficient kobs 5 1.96 3
10211 cc molecule21 s21; kobs/kcoll 5 0.02) [64]. The
large exothermicity and low efficiency for H-atom ab-
straction are consistent with the presence of an energy
barrier. These reaction barriers are known to exist for
hydrogen atom abstractions by neutral alkyl radicals
[65].
Computational Results
Both experiment and theory have shown that many
distonic radical cations are more stable than their con-
ventional molecular ion isomers [4]. For example, high-
level ab initio calculations by Radom and co-workers
predict that the methyleneoxonium ion (zCH2OH2
1) is
lower in energy than the methanol radical cation
(CH3OH
z1) by 7.8 kcal/mol [4d]. For ylidions with
halogens and second- or third-row heteroatoms, such as
zCH2FH
1, zCH2SH2
1, or zCH2PH3
1, the opposite stability
order is predicted, i.e., the distonic isomers are higher in
energy than the conventional molecular ion forms [4d].
Pius and Chandrasekhar carried out an extensive series
of unrestricted Hartree–Fock (UHF) and semiempirical
molecular orbital (MNDO) calculations of the structures
and energies of “ate”-class a-distonic anions and the
corresponding conventional molecular ions derived
from lithium, beryllium, boron, and aluminum alkyls
[15]. At the UHF/3-21G level of theory, all of the simple
a-distonic anions (zCH2EHn
2, EHn 5 LiH, BeH2, AlH3)
are predicted to be higher in energy than the corre-
sponding conventional molecular ions, [CH3EHn21]
z2.
For the boron system, the conventional and distonic
forms are nearly isoenergetic, and single-point energy
calculations with the larger 6-31G(d) basis set actually
predict that the distonic form zCH2BH3
2 lies below the
conventional isomer [CH3BH2]
z2 by 5 kcal/mol. How-
ever, proper accounting for electron correlation energy
has been shown to be important for accurate predictions
of the relative stabilities of distonic and conventional
radical cations [3i], so the above conclusions for the
anions must be viewed with caution. Also, it should be
recognized that the gaseous molecular negative ions of
these simple organometallic compounds are unlikely to
be bound with respect to electron detachment. That is,
the electron affinities of CH3Li, CH3BH2, etc. are all
probably less than zero and, thus, the negative ions
would have no real existence in the gas phase, other
than as electron scattering resonances. The electron
affinity (EA) of BH3 has been measured by laser photo-
electron spectroscopy to be 0.038 6 0.015 eV (0.88 6
0.34 kcal/mol) [66]. Because methyl substitution would
be expected to stabilize the neutral CH3BH2 (isoelec-
tronic with CH3CH2
1) more than the negative ion (iso-
electronic with CH3CH2
z ) [67], the electron affinity of
CH3BH2 should be less than 0.038 eV, and is very likely
to be less than zero. That is, CH3BH2
z2 should be
unbound. The same conclusions apply to the
[CH3EHn11]
z2 ions containing the even more elec-
tropositive elements Be, Li, and Al.
With this caveat in mind, we carried out ab initio
calculations on zCH2BH3
2, [CH3BH2]
z2, CH3BH2, BH3,
and BH3
z2 using the G2 method, which gives total
energies corresponding to the UQCISD(T)/6-
3111G(3df, 2p)//UMP2(full)/6-31G(d, p) level of the-
ory [19]. The 0 K total energies and 298 K enthalpies of
each species are listed in Table 3, and the geometries are
illustrated in Figure 2. Not unexpectedly, the computed
Table 2. Reactions of zC'CBF3
2 with hydrogen atom donorsa
Reagent DH298(R–H)
b, kcal mol21 H-atom transfer
CH4 104.9 6 0.1 no
CH3CH3 101.1 6 0.4 yes (v.slow)
CH3CH2CH3 98.6 6 0.4 yes
(CH3)3CH 96.5 6 0.4 yes
CH3CN 91.0 6 2.1 yes
CH2ACHCH3 88.2 6 2.1 yes
aAll experiments were performed in the flowing afterglow at 298 6 2 K
and in the second quadrupole collision chamber.
bHomolytic bond dissociation energies taken from [32] and [62].
Table 3. Results of G2 calculations
Species [BH3CH2]
z2 [BH2CH3]
z2 BH3 BH3
z2
E0 265.74491 265.74957 226.52482 226.52068
DH298 265.73966 265.74472 226.52097 226.51672
DHrel 3.2 0.0
Electron
affinity
G2 211.8 22.6
Expt. 0.88 6 0.34b
aG2 total energies and enthalpies in Hartrees; relative enthalpies and
electron affinities in kcal/mol.
b[65].
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electron affinities for BH3 (22.6 kcal/mol) and CH3BH2
(211.8 kcal/mol) come out to be negative. Accurate
calculation of EAs for very weakly bound species, such
as BH3
z2 and CH3
2, are known to require even better
correlation energy corrections than those provided by
the G2 method [68]. However, if the calculated relative
EAs of BH3 and CH3BH2 are reasonably accurate, then
we can estimate the absolute EA for CH3BH2 by com-
bining the 0 K energy change for the isodesmic reaction
shown below (eq 9) with the experimental value for
EA(BH3) [65].
BH3
z2 1 CH3BH23 BH3 1 [CH3BH2]
z2 (9)
The resulting value for EA(CH3BH2) is 28.3 kcal/mol,
which confirms our expectation that [CH3BH2]
z2 is
unstable with respect to electron detachment. Inasmuch
as the G2 energy for [CH3BH2]
z2 is 3.2 kcal/mol lower
than that for the a-distonic form zCH2BH3
2, one might
conclude that the former ion is “more stable.” However,
because the molecular negative ion is unbound, then in
reality only the distonic ion can be considered “stable”
in the thermodynamic sense. Nevertheless, alkyl bo-
ranes with electronegative, anion-stabilizing substitu-
ents on the boron, such as cyano, may well form
thermodynamically stable molecular negative ions. In
this case, the greater intrinsic stability of conventional
molecular anions relative to their distonic isomers pre-
dicted by Pius and Chandrasehkar will be subject to
experimental test.
Conclusions
We have described the gas-phase synthesis, structures,
and reactivity of distonic negative ions of the “ate”
class. These ions are readily prepared by addition of
neutral Lewis acids, such as BF3, BH3, and AlMe3, to
molecular anions, carbene negative ions, and radical
anions of biradicals. Tandem mass spectrometry was
used to distinguish strongly bonded covalent adducts
with true “ate”-type charge sites, from relatively
weakly bonded forms in which the negative charge
remains largely localized on the original radical anion
reactant. Some of the “ate”-class distonic ions possess
localized s- or delocalized p-type radical moieties that
are remotely located from borate and aluminate charge
sites with negligible Brønsted basicity and nucleophi-
licity.
The distonic “ate” ions are distinguished from other
distonic radical anions by their chemically inert charge
sites. These ions do not undergo anion-type reactions
but radical reactions. For example, the highly reactive
distonic alkynyl radical zC'CBF3
2 undergoes radical
coupling, radical-mediated group and atom transfers,
and even H-atom abstractions. Other distonic “ate” ions
react with NO2, NO, and O2 via simple radical coupling
mechanisms, but are unreactive toward most closed-
shell neutrals.
The concept of using distonic radical cations with
coordinatively saturated and chemically inert charges
to examine the reactions of neutral radicals in the gas
phase has been demonstrated earlier [2, 16]. This work
represents the first extension of this concept to negative
ions. The distonic “ate” ions also display free radical
reactivity which appears to be independent of the
charge site. However, because there is incomplete
charge transfer to the Lewis acid moiety, excess nega-
tive charge may influence reactivity at the radical site.
The comparison of the properties of these oppositely
charged distonic ions should provide more insight into
inductive effects in distonic radical ions.
Finally, experiment and theory have established that
both the distonic and conventional forms of many
organic radical cations are observable in the gas phase.
All of the negative ions examined in this study exist in
their distonic form due to stabilization by substituents
on the radical bearing carbon. In fact, their conventional
ion counterparts are probably unstable with respect to
electron detachment. G2 calculations on the prototype
“ate”-class distonic ion zCH2BH3
2 and its conventional
isomer [CH3BH2]
z2 reveal that although the conven-
tional molecular anion is calculated to lie 3 kcal/mol
lower in energy, this ion is unbound with respect to
Figure 2. Selected geometrical parameters for [BH3CH2]
z2 and
[BH2CH3]
z2 obtained from UMP2(full)/6-31G(d, p) calculations.
Electron spin densities (shown in boldface) and atomic charges
(shown in italics) derived from Natural Population Analysis of the
MP2 wave functions.
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electron detachment and, therefore, would only exist as
an electron scattering resonance.
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